Background
Introduction
In an increasingly obesogenic environment the childbearing period is considered a key lifestage when women are vulnerable to excess weight-gain setting the scene for persistent weightretention leading to mid-life obesity and its associated co-morbidities [1, 2] . In spite of this assertion there is a relative paucity of longitudinal studies examining the direction and magnitude of weight-change between the start of successive parities in a defined population of women in relation to pre-gravid or early first pregnancy BMI. This information could be useful in identifying the categories of women most likely to benefit from interventions or public health advice aimed at mitigating the pregnancy-associated risk of excessive weight-gain. Thus our first objective was to describe the pattern of weight/BMI change between the first-ever, second and third pregnancies using weight and height measured in clinic during the first trimester, corrected to a standard stage of gestation and adjusted for important confounders such as age, year of delivery and inter-delivery interval.
In addition to the long-term implications of pregnancy-associated weight-gain, being overweight or obese, particularly at the outset of the first pregnancy, is associated with increased likelihood of experiencing pregnancy complications which impact the health and wellbeing of mother and baby. For mothers there is an increased risk of hypertensive disorders, gestational diabetes, thromboembolism, induction of labour and caesarean-delivery, while for the fetus there is higher risk of stillbirth, preterm delivery, macrosomia and fetal malformations such as spina bifida: both maternal and fetal risks generally increase with degree of overweight [3] [4] [5] [6] . Maternal weight-change between pregnancies is also problematical and may occur during the baseline pregnancy and/or at some point after the baby is delivered and before the next successful conception. Irrespective of chronology, weight-gain between the first-trimester of the first-ever and second pregnancy robustly increases the risk of pre-eclampsia, gestational hypertension, gestational diabetes, caesarean-delivery, stillbirth, LGA (large-for-gestational age)-birth and infant mortality at the second pregnancy in geographically diverse populations [7] [8] [9] [10] [11] [12] [13] . For gestational hypertension, maternal diabetes, emergency caesarean-section, LGA-birth and infant mortality the risks associated with weight-gain are generally greater in women with a BMI below 25 units at first pregnancy [7, 8, 10, 11, 13] . Although the numbers involved are smaller, weight-loss between the first and second successful conception is also concerning as it is associated with an increased risk of spontaneous preterm delivery in women with a normal BMI at first pregnancy and with enhanced primary risk of low placental weight and SGA (small-for-gestational age)-birth irrespective of first pregnancy BMI [13, 14] .
To our knowledge the impact of inter-pregnancy weight-change on the risk of key maternal and fetal complications at the third pregnancy has not been documented. Thus our second objective was to investigate the association between weight-change during two inter-pregnancy periods spanning the first trimester booking appointment of three consecutive pregnancies on the risk of a composite maternal morbidity index, SGA-birth and spontaneous preterm delivery at the third pregnancy and compare this with current maternal BMI-category at the start of the third pregnancy.
Methods

Study population
The Aberdeen Maternity and Neonatal Databank (AMND) was the source of data for this retrospective cohort study, and the North of Scotland Research Ethics Service granted ethical approval (REC Ref 13/NS/0050) on the basis described previously [13] . Data were extracted for all singleton births after 24 weeks' gestation in Aberdeen city and district from 1986-2013. The population was women who had their first-ever, second and third consecutive births (parity 0,1 and 2), who booked for antenatal care before 24weeks gestation on each occasion and whose weight and height were determined by trained clinical staff at the first antenatal (booking) visit. Women (n = 836) with missing data for variables of interest (mainly placental weight) were excluded resulting in a study population of 5,079 available for analysis.
Study design
Maternal weight at the first booking visit for each of the three pregnancies was adjusted to take into account stage of gestation when weight was measured as described previously [13, 15] . The resultant corrected weight was then used together with the unadjusted height to calculate an adjusted BMI (weight/height 2 ). The mean individual difference in gestational age at the initial antenatal visit in the first versus the second, and second versus the third pregnancy was small (0.7±4.3 and 0.7±4.0 weeks, respectively, mean±sd) but this method ensured that the BMI calculated for all three pregnancies was corrected to the same stage of gestation for all women. Further as a number of women had their first antenatal visit after 16 weeks gestation (13.5, 9.0 and 6.1% in first, second and third pregnancies, respectively), this approach allowed us to include women who had a first booking appointment up to 24 weeks gestation.
The adjusted maternal BMIs were used to assign BMI-categories at the start of each pregnancy and to calculate the inter-pregnancy change in BMI between first and second, and second and third pregnancy. The former used standard cut-offs to define underweight (<18.5), normal weight (18.5-24.9) , overweight (25.0-29.9) or obese (!30), while for the latter women were grouped as follows: women who decreased their BMI by >2units (BMI/weight-loss), women who increased their BMI by >2units (BMI/weight-gain), and women who maintained their BMI within a 2unit loss or gain (BMI/weight-stable = reference) during each of two consecutive inter-pregnancy periods. Combining the categorisation for each period yielded nine groups that captured the pattern of weight-change in individual women over the defined childbearing period spanning all three pregnancies (namely gain-gain, gain-stable, gain-loss, stablegain, stable-stable, stable-loss, loss-gain, loss-stable, loss-loss). The inter-delivery intervals between the birth of the first and second, and the second and third child were calculated in years.
Information on the pregnancy complications recorded in the AMND and known to robustly vary with BMI-status were used to derive a composite morbidity index (CMI) for adverse maternal events per pregnancy. These maternal events were pre-eclampsia and gestational hypertension (coded by ISSHP definition), emergency or elective Caesarean-section and thromboembolism. Individuals were characterised as having an adverse maternal event if they had at least one complication during the specified pregnancy. Gestational age was recorded according to the last menstrual period and confirmed by ultrasound. Spontaneous preterm delivery was defined as <37weeks gestation. Birthweight was defined as SGA if weight was <10 th centile for gestation using gender and parity-specific birthweight charts for singleton births [16] . The placenta was weighed untrimmed and recorded to the nearest 10g.
Statistical analysis
Maternal characteristics at three consecutive pregnancies in relation to first pregnancy (baseline) BMI-category were analysed by one-way ANOVA and where significantly different, categories were subsequently compared by Tukey's method with significance levels at 1%. Pregnancy complication incidence at each pregnancy in relation to baseline BMI-category was analyzed by Chi-Square. The overall population characteristics at first versus second, and second versus third pregnancy were compared by paired Students-t-test for continuous variables and by McNemar's test for categorical variables (Table 1) . Average weight-change between the first and third pregnancy booking appointment in relation to BMI-category at first and third pregnancy was estimated by linear regression model (General Linear Model in Minitab) with adjustment for maternal age, height, year of delivery, booking week, smoking habit and interpregnancy interval as per the table footnote ( Table 2 ). The crude and adjusted risk of substantial weight-gain or loss (defined as >10kg) in both inter-pregnancy periods in relation to whether women had a BMI below or above 25 at the first pregnancy was assessed using logistic regression with specific potential confounders adjusted for as per the table footnote (Table 3) . A linear regression model was used to quantify weight-change across all three pregnancies in relation to the nine patterns of BMI-change observed as detailed above (Table 4) . Finally, logistic regression was used to assess the risk of maternal morbidity, SGA-birth and spontaneous preterm delivery at the second or third maternity in relation to both inter-pregnancy BMIchange and current BMI-categories (Tables 5 and 6 ). Two regression models with and without adjustment for placental weight were used as we have previously shown that maternal BMI and inter-pregnancy BMI change impacts placental size [13] . Risks are presented as Odds Ratios (OR) with 95% confidence intervals (CI). McNemar's test was performed using R (Foundation for Statistical Computing, Vienna, Austria) and all other analysis used Minitab (version 17; Minitab Inc., State College, PA).
Results
Maternal characteristics and weight-change across parities
Maternal characteristics at the first, second and third pregnancy are detailed in relation to the BMI-category at the first baseline pregnancy (Table 1) . At the baseline pregnancy 1.8% of women were underweight, 61.4% normal weight, 26.7% overweight and 10.1% obese. Relative to women with a normal BMI at first pregnancy those categorized as obese were older and had an earlier booking appointment on all three occasions. There was no difference in the interdelivery interval between the first and second pregnancy but initially obese women had the shortest interval between their second and third deliveries.
The percentage of women moving between BMI-categories and the magnitude of weightchange between the first and third pregnancy booking appointment are detailed in Table 2 . The majority (73.6%) of initially underweight women gained enough weight (~7kg) to be categorized as normal BMI by the third pregnancy. Of women with a normal BMI initially, 35.4% had gained sufficient weight to reclassify them as overweight or obese by the start of the third pregnancy, corresponding to an average weight-gain of~9 and 21kg, respectively. Similarly, 36.9% of overweight women gained an average of 14kg and were obese by the third pregnancy while in the initially obese group, 86% remained obese and had gained a further 9kg by the third pregnancy. In contrast a modest percentage of both overweight (10.7%) and obese women (13.2%) lost sufficient weight to move down at least one BMI-category between the first and third pregnancy. For the population overall, the frequency of substantial weight-gain between pairs of consecutive pregnancies was much more common than weight-loss (both Maternal weight measured at the first and third pregnancy booking appointment was adjusted to a standard gestational age for all women as detailed previously [13, 15] .Weight change (fitted mean ± SEM) estimated by general linear model and adjusted for maternal age, height and year of delivery at first pregnancy, booking week and smoking habit at first and third pregnancy and inter-delivery interval between first and third pregnancy.
defined as >10kg, Table 3 ) but the number of women that experienced substantial gain or loss between the first and second compared with the second and third pregnancies was equivalent (547 vs 560, and 60 vs 70, respectively). Furthermore the magnitude of this substantial weightchange, adjusted for confounders as per Table 3 (fitted mean ± SEM), was similar in both inter-pregnancy periods (gain, 14.9±0.19 and 14.4±0.20kg: loss 15.7±0.74 and 15.2±0.66kg, P>0.1). When examined by logistic regression women with a BMI above 25 units at the outset of childbearing were at increased risk of both substantial weight-loss and weight-gain between the first and second, and second and third pregnancy compared with women who had a BMI below 25 at baseline ( Table 2) . The above analysis does not fully capture the direction and magnitude of weight/BMIchange in individual women: this is detailed for nine possible patterns in Table 4 . Almost 50% of the population remained weight-stable in both consecutive inter-pregnancy periods. The second most numerous pattern was women who were weight-stable between first and second pregnancy and gained weight between the second and third (17.2%), closely followed by the group that gained between first and second pregnancy and were weight-stable thereafter (15.6%). Unsurprisingly the least prevalent pattern was in 10 women (0.2%) who lost weight during both inter-pregnancy periods. The extent of average weight-loss between the second and third pregnancy was equivalent in the gain-loss, stable-loss and loss-loss groups. For those who gained between the second and third pregnancy, the increase in weight was similar in the gain-gain and loss-gain groups and slightly greatly than in the stable-gain group but the average difference was only 1-1.5kg. For the women who remained weight-stable between the second and third pregnancy, the average weight-change was gain-stable<stable-stable and loss-stable and again the differential between stable groups were small. Overall, there was no difference in the number of women who gained or lost >2 BMI units between the first and second pregnancy compared with the second and third pregnancy (1308 vs.1359, P>0.25 and 270 vs. 277, P>0.758, respectively). Moreover the magnitude of weight-change, adjusted for confounders as per 
Pregnancy complications, inter-pregnancy BMI-change and current BMI
Pregnancy complication incidence at all three pregnancies are detailed in relation to BMI-category at first baseline pregnancy (Table 1) . At the first pregnancy obese women had the highest crude incidence of hypertensive disease, caesarean-section and thromboembolism, and the lowest incidence of SGA-birth. Accordingly the combined morbidity index for maternal events at first pregnancy was obese>overweight>normal and underweight. For the population as a whole the frequency of pre-eclampsia, gestational hypertension, and SGA-birth decreased with increasing parity while the incidence of caesarean-delivery increased, predominantly between the second and third pregnancy. The incidence of spontaneous preterm delivery (<37 weeks) was independent of parity. The risk of maternal morbidity, SGA-birth and spontaneous preterm delivery at the second and third pregnancy were examined in relation to inter-pregnancy weight-change(s) and current BMI-categories. For adverse events during the second pregnancy, BMI-category at booking was without influence (Table 5 ). In contrast inter-pregnancy weight/BMI-gain between first and second pregnancy booking increased the adjusted risk of maternal morbidity, while weight-loss during the same period increased the risk of SGA-birth. These risks remain after adjustment for placental weight at the second delivery. For adverse events at the third pregnancy (Table 6) , inter-pregnancy weight/BMI-gain between both the first and second, and second and third pregnancies contributed to the increased adjusted risk of maternal morbidity at the third pregnancy. In contrast, maternal BMI category at the third pregnancy booking did not influence the risk of maternal complications in any way. Both weight-gain between first and second pregnancy, and being overweight or obese by third pregnancy booking protected the fetus against SGA-birth whereas weightloss between second and third pregnancy doubled the risk of SGA-birth. These relationships remained after additional adjustment for placental weight at the third delivery with one exception: the protective effect of maternal obesity on the risk of SGA-birth was no longer Maternal weight measured at the first, second and third pregnancy booking appointment was adjusted to a standard gestational age for all women as detailed previously [13, 15] . BMI change within each specified inter-pregnancy period defined as loss if BMI decreased by >2 units, gain if BMI increased by >2 units and stable if BMI remained within 2 units of the previous pregnancy value. Weight/BMI change (fitted mean ± SEM) was estimated by general linear model and adjusted for maternal age, height and year of delivery at first pregnancy, booking week and smoking habit at first and second or second and third pregnancy as appropriate and inter-delivery interval between first and second or second and third pregnancy as appropriate.Within columns, means with a different superscript differ at P<0.01 (Tukey pairwise comparisons).
https://doi.org/10.1371/journal.pone.0179589.t004
significant. Inter-pregnancy weight/BMI-change and current pregnancy BMI-category did not influence the risk of spontaneous preterm delivery at second or third pregnancy.
Discussion
Weight-change across the start of three consecutive pregnancies
This retrospective analysis of maternal weight-change during a defined period of childbearing spanning the start of three pregnancies reveals that half the women studied exhibited significant fluctuations in weight in one or both inter-pregnancy periods. Unsurprisingly weightgain was more common than weight-loss and a third of women with a normal BMI at baseline gained sufficient weight to be re-classified as overweight or obese by the beginning of the third pregnancy. For these women the magnitude of weight-gain over an average period of 8 years was considerable (~11kg) and would if retained theoretically impact health in mid-life and beyond. Accordingly public health advice aimed at limiting pregnancy-associated weight-gain needs to be aware that women who start their childbearing years at a healthy weight are not completely without risk. With high rates of obesity in the obstetric population [17] , the focus understandably leans towards policies to limit further weight-gain in women who are initially overweight or obese. Indeed our analysis confirms the perception that women with a BMI above 25 units at the baseline pregnancy are at higher risk of substantial weight-gain (here Table 5 . Frequency rate and adjusted risk of maternal morbidity, SGA-birth and spontaneous preterm delivery during second pregnancy in relation to change in BMI between first and second pregnancy, and BMI category at second pregnancy booking. Maternal morbidity if an individual had one or more complications including pre-eclampsia, gestational hypertension, caesarean delivery or thromboembolism during second pregnancy. Odds ratios and 95% confidence limits from logistic regression *P<0.05 **P<0.01 ***P<0.001. Model 1 adjusted for baseline BMI at first pregnancy, height, inter-delivery interval between first and second pregnancy, and maternal age, year of delivery, smoking habit, gestational age and baby gender at second pregnancy. Model 2 additionally adjusted for placental weight at second delivery.
https://doi.org/10.1371/journal.pone.0179589.t005 defined as >10kg) between both the first and second, and second and third pregnancies. However a proportion of the initially overweight/obese women are also at increased risk of substantial weight-loss between successive parities. In support recent studies report wider variability in gestational weight-gain in overweight/obese women and while~70% of obese women exceed current pregnancy weight-gain recommendations, gestational weight-loss is also more common in this group, and increasingly prevalent as the severity of obesity increases [18, 19] . Greater variability in weight-change between parities has also been reported for women who had a high BMI or were heavier than normal at the first baseline pregnancy [13, 20] . The underlying causes of greater fluctuations in inter-pregnancy weight in overweight/obese women are beyond the scope of this study but may reflect a mixture of lifestyle choices such as dietary-restraint, smoking, choosing to breastfeed, exercise level or biological factors as indicated by rates of vomiting while pregnant, short sleep duration post-partum, age at menarche and at first birth [21] [22] [23] [24] [25] [26] . USA-based prospective longitudinal studies in women of childbearing age with mixed parity at baseline and including non-gravid comparison groups followed for up to10 years indicate that long-term maternal weight-gain is predominantly associated with the first birth with no further cumulative increases with additional births [27, 28] . However we found no evidence to suggest that inter-pregnancy weight change was influenced by parity as irrespective of weight change cut-off (>10kg or >2 BMI units) there was no difference in the frequency or magnitude of gain or loss between the first and second, compared with the second and third pregnancy. This contrasts with a much earlier study of weight-change across parities in Aberdeen (n = 1325 women) whereby high weight-gains (defined as >7.5kg) were most common between the first and second pregnancy [20] . Notably the latter study was carried out in an era spanning post-war food rationing (1949) (1950) (1951) (1952) (1953) (1954) (1955) (1956) (1957) (1958) (1959) (1960) (1961) (1962) (1963) (1964) , and the magnitude of average weight-change between the first and third pregnancy, adjusted for age and year of delivery, was markedly lower than the current analysis of women living in the same geographical area (1.5kg vs. 5.1 and 6.0kg for women with a BMI<25 or >25, respectively at baseline, using the same adjustments). This emphasises the large secular increase in maternal weight in a representative UK obstetric population.
Pregnancy complications, inter-pregnancy BMI-change and current BMI
The study demonstrates that inter-pregnancy weight-gain between the start of the first and second pregnancy modestly increases the risk of maternal morbidity at the second pregnancy and confirms previous analysis of this and other much larger populations [7, 10, 11, 13] . In this instance a combined morbidity index incorporating pre-eclampsia, gestational hypertension, caesarean-delivery and thromboembolism was utilised as the study was underpowered to examine these pregnancy complications separately. Uniquely the analysis additionally demonstrates that maternal morbidity at the third pregnancy is influenced by weight-gain in the first as well as the second inter-pregnancy period but not by BMI-classification at the start of the current (third pregnancy). This implies that it is weight-gain across the preceding pregnancy and post-partum periods which confer risk. For hypertensive disease, weight-gain and the associated gradual increase in adipocyte mass and hence cytokine production leading up to the pregnancy of interest may progressively promote a subclinical inflammatory state. This together with other obesity related metabolic factors may impact early placental development and perfusion, increasing the risk of hypertension [29] . Herein weight-gain between the first and second pregnancy, and being overweight or obese by the third pregnancy protected the fetus against SGA-birth at the third delivery. This is broadly in line with previous observations involving larger numbers demonstrating that interpregnancy weight-gain was protective against both primary and recurrent SGA-birth at the second pregnancy, predominantly in women who had a healthy BMI at first pregnancy (n = 12740 and n = 24,520, respectively, [13, 30] ). Thus gaining weight across parities and reaching a higher BMI at the start of the third pregnancy was supportive of normal fetal growth. In addition to generally improving maternal nutrient reserves available for fetal growth at the start of the third pregnancy, the attenuated risk of SGA-birth may reflect an increase in placental size as we have previously shown that placental weight increases~4.4g per BMI unit [31] . Accordingly when adjustment for placental weight at delivery was included in the model the protective effect of being obese by the third pregnancy was no longer statistically significant and the impact of being overweight was somewhat reduced (OR0.58, P<0.001 vs. OR0.67, P<0.05).
The present analysis demonstrates that maternal weight-loss in the inter-pregnancy period preceding the third pregnancy doubled the risk of SGA-birth at delivery. A similar association between inter-pregnancy weight-loss and increased risk of SGA-birth or low birthweight at the second delivery has variously been reported in women with a BMI below and above 25 units at first pregnancy [13, 30, 32, 33] . Similarly, recent systematic appraisals examining the impact of weight-loss or positive weight-gain below IOM 2009 guidelines during pregnancy in obese women demonstrate that the incidence of LGA-birth can be reduced but at the expense of increased risk of SGA-birth [34, 35] . While we were insufficiently powered to stratify the current population by baseline BMI-category, the analysis nevertheless supports and extends the robustness of the relationship between weight-loss and fetal growth-restriction across the childbearing period and up to the third pregnancy. We recognise that a newborn weighing 2644g at the second or third delivery and defined as SGA using parity specific birth weight charts may have subtly different risks for morbidity than one weighing~2543g at the first delivery (Table 1) . However if we use birth weight centiles which are not parity specific the conclusions of the above analysis are unchanged. The contrasting risks associated with interpregnancy weight-change in opposite directions makes formulating dietary and lifestyle advice to optimise pregnancy outcome complex. While limiting excessive weight-gain before, during and between pregnancies is undoubtedly desirable to protect women from pregnancy-associated morbidity and longer term obesity, health professionals advising women need to be cognisant that weight-loss in the inter-pregnancy period may have a serious short term penalty in terms of increased risk of SGA-birth.
Strengths and weaknesses
Strengths of the study include height and weight being measured by trained staff at the first antenatal appointment at a single maternity hospital for three consecutive pregnancies with weight adjusted to the same gestational age for all maternities: this also removes the recall bias associated with self-reported anthropometry. Further several important known confounders including age, year of delivery, inter-delivery interval and smoking habit were measured and the analysis adjusted accordingly. A potential weakness is the lack of information for weightchange in non-parous women to account for secular change in bodyweight and the inability to differentiate between weight-change during the index pregnancy versus post-partum. Women delivering in the UK are not consistently weighed in late pregnancy precluding gestational weight-change assessment, and testing for any association between gestational weight-change and maternal / fetal complications. The population size was wholly appropriate for the longitudinal assessment of weight-change across parities but relatively small for the assessment of the impact of weight-change on individual maternal complications and hence a combined maternal morbidity index was used. Nevertheless the individual pregnancy complication event rate in relation to parity status (primiparous/multiparous) agreed with previous publications using different populations [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . The data was collected over a period of time where changes in obstetrical practice may have occurred (eg. caesarean section criteria) but this possible bias was minimized by including year of delivery in the statistical models.
Conclusion
Half the women studied exhibited significant weight fluctuations during three successive pregnancies. While women with a normal BMI at first pregnancy largely gain weight, those who are overweight or obese are at increased risk of substantial weight-gain and loss. Weight-gain during both inter-pregnancy periods increased the risk of maternal morbidity and as such weight-management interventions to limit gain may mitigate this risk irrespective of parity. However weight-gain between first and second pregnancy, and being overweight or obese by the third pregnancy protected the fetus against SGA-birth whereas weight-loss between the second and third pregnancy doubled the SGA risk. These contrasting effects of weight-change during the childbearing period may have implications for the long-term health of both mother and child.
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